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[57] _ ABSTRACT
A radlatlon-emlttmg semlconductor device (i.e. an

LED or laser) emits radiation produced by radiative

recombination of electrons from a field induced two-di- -

mensional (2-d) electron gas with holes from a field
induced two-dimensional (2-d) hole gas. The device

- uses a narrower band semiconductor active layer sand- -

wiched between two layers of a wider band semicon-
ductor. Top and bottom gates are used to induce the
electron and hole 2-d gasses in the active layer. N+ and
P+ regions are used to contact the 2-d electron and
hole gasses to provide separate biasing. The thickness of
the active layer is such that a field induced PN junction

- or PIN structure is formed at which radiative recombi-

nation can oOccur.

13 Claims, 2 Drawing Sheets
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MODULATION DOPED RADIATION EMI'IT]NG
SEMICONDUCTOR DEVICE |

This is a continuation of application Ser. No.

06/911,520, filed Sept. 25, 1986 (now abandoned).

BACKGROUND OF THE INVENTION

1. Field of the Invention. |
The present invention relates to sermconductor radia-

tion emitting devices. In particular, the present inven-

tion relates to a semiconductor device which produces
radiation based on radiative recombination of electrons

from a two-dimensional electron gas with holes from a
two-dimensional hole gas induced in the semconductor

device.
2. Description of the Pnor Art

_ 4,905,059

‘band gap semiconductor. A pair of gates are used to

5

induce the electron and hole two-dimensional gases.
In addition, the device preferably includes first and

~ second contact means for making electrical contact -
S

with the two-dimensional electron gas and the two-di-

-mensional hole gas, respeetively The first contact

10

means is preferably an N+ region which is in contact.
with the narrower band gap semiconductor layer,.and =
‘the second contact means includes a P+ region which .

is in contact with the narrower band gap semlcenductor ..

. layer.

15

Light emitting diodes and semiconductor lasers are

widely used to produce radiation, particularly in the

infrared and some portions of the visible part of the <%
electromagnetic spectrum. A - light emitting diode

makes use of a semiconductor PN junction which is
forward biased to emit spontaneous radiation. This radi-
ation is produced by the radiative recombination of

holes and electrons within the semiconductor material.

The particular wavelength at which the semiconductor

20

With the dewce of the present invention, the tluck-- o

ness of the narrower band gap semiconductor layer is
such that an induced PN junction or PIN structure is

formed by applying gate voltages. The induced PN o
junction or PIN structure can be biased like a conven-

tional junction device so that the electrons and holes N

‘recombine to preduce radiation.

' BRIEF DESCRIPTION OF THE DRAWINGS
FIG. 1is a top view of a modulation doped radiation

- semiconductor device of the present invention.

25

device emits depends upon the energy band gap of the

semiconductor material, and whether the matenal is a

direct or indirect band gap material.
Semiconductor lasers are semiconductor PN junction

30

" devices which produce radiation which has 5pat1a1 and
temporal coherence. Selected surfaces of the semicon-

ductor laser are polished, and appropriate dimensions
are selected so that the semlconductor device becomes

an optical resonator.

35

There have been continuing research efforts ex-

pended on the development of light emitting diodes and
lasers using semiconductor materials having energy
gaps compatible with the shorter wavelength portions
of the visible spectrum, the UV spectrum and beyond.

The development of light emitting diodes and semicon-

ductor lasers in these portions of the spectrum, how- -

ever, has trailed the development of devices in the infra-

red and longer wavelength visible spectrum because of 45
numerous problems with the semiconductor materials

themselves. One problem is the tendency of wider band

gap materials to be non-amphoteric (i.e. the materials-
can only be impurity doped one conductivity type). For -
50

example, zinc selenide can be doped N-type but P-type
doping is extremely difficult. Other materials have, to
date, been capable of impurity doping in only one con-
ductivity type. This, of course, has in the past precluded

FIG. 21 1s a sectional view along section 2-—-—2 of FIG '

1.
FIG. 3 isa se_ctlonal view along section 3—3 of FIG.

1.

~ FIG. 4is a band diagram of the device of FIGS. 1-3.

 DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

As shown in FIGS. 1-3, radiation emitting semicon- -
ductor device 10 is formed on an insulating or semi- -
insulating substrate 12 and includes a bottom gate 14, a

bottom wide band gap semiconductor layer 16, a top -
wide band gap layer 18, and an intermediate narrower -

band gap active layer 20 which is sandwiched between '

top and bottom layers 16 and 18 The top gate 22 is -
posmoned over top 1ayer 18.

A pair of N4- regions 24 and 26 are posnloned along
opposite edges of active layer 20, and are preferably
made of a similar or a compatible semiconductor mate-
rial which is capable of being doped N type. A pair of .
P+ regions 28 and 30 are posmened along opposne |

-edges of active layer 20.

Electrical contacts 32 and 34 make eh:mc contact {0

‘N4 type regions 24 and 26, respectively. Similarly,
contacts 36 and 38 make ohmic contact to P+ regions

- 28 and 30, respectively. These contacts may be alloyed

the use of those materials as a PN Junctlon light emitting

diode or semiconductor laser.

In addition, the use of impurity dOpmg in order to
produce PN junctions creates traps in the device which
permit non-radiative recombination. This decreases the

amount of radiation which can be emitted, and thus

decreases the efficiency of the device and limits its out-
put power.

SUMMARY OF THE INVENTION

The present invention is a radiation emitting device in
which electron and hole two-dimensional gases are
induced into the same semiconductor layer by means of
modulation dopmg In this device, a narrower band gap
semiconductor is sandwmhed between layers of a wider

23

in to the N+ and P+ region to provide smaller eontact
resistance.

Because of the difference in band gap between actlve. o

layer 20 and bottom and top layers 16 and 18, a hetero-

junction 42 is formed at the interface of bottom layer 16

and active layer 20, and a heterojunction 44 is formed at
the interface of active layer 20 with top layer 18. In a
preferred embodiment, gates 14 and 22 form Schottky

‘barriers with layers 16 and 18, respectively, although .

alternatively gates 14 and 22 are made from doped semi-
conductor material. Gate voltages V1 and Vg are
applied to gates 22 and 14, respectively to induce the
electron and hole two-dimensional (2-d) gases in active
layer 20. Gate voltage Vg1 is positive with respect to

~ -voltage V1. Gate voltage V2 is negative with respect

65

to voltage V3. As shown in FIGS. 2 and 3, bottom gate
14 induces a 2-d hole gas 46 in layer 20 adjacent hetero-
junction 42. Top gate 22 induces 2-d electron gas 48

‘within layer 20 adjacent heterojunction 44.
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N+ regions 24 and 26 make electrical contact to 2-d

electron gas 48, while P+ regions 28 and 30 make elec-

trical contact to 2-d hole gas 46. Although N4 contacts
24 and 26 extend into bottom layer 16 and therefore are
in physwal contact with 2-d hole gas 46, they form a PN
Junctlon Similarly, P+ regions 28 and 30 form a PN
~ junction with 2-d electron gas 48. This provides the

possibility of separately biasing the N+ contacts 32 and
34 with bias voltage V1 and the P+ contacts 36 and 38

- with bias voltage V2. N+ contacts serve as a source of -
electrons, P+ contacts serve as a source of holes.
‘A typical thickness of a 2-d electron gas or 2-d hole

10

-gas is on the order of 100 Angstroms. Therefore, when

the thickness of narrow band active layer 20 is equal to
or smaller than apprommately 200 Angstroms, a field-
induced PN junction is formed by applying the gate

15

voltages and inducing the two-dlmensmna.l electron and

hole gases 48 and 46, respectively.

. Ifthe thickness of active layer 201s greater tha:n about
200 Angstroms, an induced PIN structure is formed by
the application of the gate voltages and the inducing of
2-d electron and hole gases 46 and 48. The PIN struc-

20

ture is shown in FIGS. 2 and 3, and in the energy band

diagram shown in FIG. 4.
The induced PN junction or PIN structure can be

25

~ biased just as a conventional junction, so that the elec-

trons and holes recombine producing radiation. When
top gate 22 is made of a transparent conducting film

ting diode. By choosing an appropriate dimension of

substrate 12 and polishing it (so that an optical resonator

is formed), device 10 acts as a semiconductor laser.

A wide variety of different semiconductor materials

 can be used for the semiconductor layers 16, 18, and 20.
The requlrements are that layers 16 and 18 have a larger
 band gap than active layer 20, so that heterojunctions 42

"and 44 are formed. The materials of layers 16 and 18
must be sufficiently compatible with the active layer 20
so that lattice mismatch is not excessive. However,
these materials need not to be the same.

In one embodiment of the present invention, active

layer 20 is gallium arsenide (GaAs), while bottom and

top layers 16 and 18 are aluminum gallium arsemide
(AlGaAs) having a wider band gap than GaAs.

There are several advantages of the optical device 10
of the present invention. First, the absence of lmpunttes

 such as indium tin oxide, device 10 forms a light emit-

30

39

435

and related traps in active layer 20 leads to an increase
in the carrier lifetime and, hence, to a decrease in non- -

radiative recombination. This, in turn, mproves light
emitting diode efficiency and leads to a decrease in the
threshold current for the stimulated emission.

Second, the present invention is compatible with
relatively wide band semiconductors which are difficult
to dope with impurities both N-type and P-type. The

difficulty in forming PN junctions by impurity doping

50

35

has- unpeded the development of semiconductor lasers -

(and LEDs) in the v131ble range and even shorter wave-
lengths.

The present invention overcomes the problems asso-
ciated with mpunty doping because the PN junction or
- PIN structure is formed by modulation doping (e. is

field induced) rather than by impurity doping.

- Although the present invention has been described
with reference to apreferred embodiments, workers

skilled in the art will recognize that changes may be
- made in form and detail without departing from the

spirit and scope of the invention.
- What is claimed is: |

65
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1. A radiation emitting semiconductor device for
emitting radiation based upon recombination of elec-

trons and holes comprising:
a layered structure including:

a first gate electrode for applying a first electric

field;

a second gate electrode for applying a second elec-
tric field; - ~

a narrow band gap semiconductor layer between
the first and second gate electrodes within which

radiative recombination takes place between

electrons from a first field-induced channel and

- holes from a second field-induced channel;
a first wide band gap semiconductor layer sand-
wiched between the first gate electrode and the
narrow band gap semiconductor layer, the first -
wide band gap semiconductor layer having a
wider band gap than the narrow band gap semi-

 conductor layer, wherein the first wide band gap -

semiconductor layer and the narrow band gap
semiconductor layer form a first heterojunction:

for confining electrons, so that upon application .

of the first electric field by the first gate elec-
trode the first field-induced channel for electrons
is formed in the narrow band gap semiconductor
layer adjacent to the first heterojunction; and -
- asecond wide band gap semiconductor layer sand-
- wiched between the narrow band gap semicon-
ductor layer and the second gate electrode, the
- second wide band gap semiconductor layer hav-
ing a wider band gap than the narrow band gap
semiconductor layer, wherein the second wide -

band gap semiconductor layer and the narrow
- band gap semiconductor layer form a second o

heterojunction for confining holes, so that upon

~ application of the second electric field by the

 second gate electrode the second field-induced

channel for holes is formed in the narrow band
gap semiconductor layer adjacent to the second -

-~ heteroj J unction;

an n-+ region contacting the layered structure for
providing electrical contact to the first field--

induced channel in the narrow band gap semlcon- -

ductor layer )

a p+ region contacting the layered structure for

- providing electrical contact to the second. field-
induced channel in the narrow band gap semicon-
- ductor layer;

a first electrical contact contactmg the n+ region;
and

a second electrical contact contactmg the p+ region.

2. The semiconductor device of claim 1 including a

first gate contact elastically connected to the ﬁrst gate

electrode.
3. The selmconductor device of claim 2 mcludmg a

second gate contact electrically connected to the sec-
ond gate electrode. |

4. The semiconductor device of claim 1 wherein the
first and second gate electrodes comprise metal.

5. The semiconductor device of claim 1 wherein the
first and second gate electrodes comprise highly doped
semiconductor material.

6. The semiconductor device of claim 1 wherein the
n- regionand the p+ region are in direct contact with
the first wide band gap semiconductor layer, the second
wide band gap semiconductor layer and the narrow
band gap semiconductor layer.



4,905,059

S

7. The semiconductor device of claim 1 wherein the
narrow band gap semiconductor layer separates the first
wide band gap semiconductor layer from the second
wide band gap semiconductor layer by a separation
distance of less than about 200 Angstroms.

8. The semiconductor device of claim 1 wherein the
narrow band gap semiconductor layer region separates

the first wide band gap semiconductor layer from the

second wide band gap semiconductor layer by a separa-

tion distance of more than about 200 Angstroms.
9. The semiconductor device of claim 1 wherein the

first and second gate electrodes from first and second

Schottky barriers with the first wide band gap semicon-

6

- ductor region and the second wide band gap semicon-
 ductor region, respectively. | |
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10. The semiconductor device of claim 1 wherein the
narrow band gap semiconductor layer comprises GaAs.
11. The semiconductor device of claim 10 wherein

the first and second wide band gap semiconductor lay-
€ers comprise AlGaAs. = |

12. The semiconductor device of claim 1 includiﬁg a

plurality of n+ regions contacting the layered struc- -
ture. | |

13. The semiconductor 'dev_it:e of claim 1 including a

plurality of p+ regions contacting the layered struc- .

R ok Kk ® E \



UNITED STATES PATENT AND TRADEMARK OFFICE
CERTIFICATE OF CORRECTION

PATENT NO. 4,905,059
DATED : February 27, 1990

INVENTOR(S) : Michael Shur

It is certified that error appears in the above-identified patent and that said Letters Patent is hereby
carrected as shown below:

Column 4, line 53, delete "elastically" and

insert --electrically--.
Signed and Sealed this
Twelfth Day of February, 1991
Attest:

HARRY F MANBECK. JR.

Atresting Oﬁicer Commmissioner of Purents and Trademarks
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